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I. PREFACE 

Our objec t ive  are t o  explore enzyme a c t i v i t i e s  i n  s o i l ,  including 

abundance, pers is tence and loca l iza t ion  of these a c t i v i t i e s ,  and t o  

develope procedures f o r  detect ion and assay of enzymes i n  s o i l s  su i t ab le  

f o r  presumptive tests €or l i f e  i n  planetary s o i l s .  

Thus f a r  w e  have developed a sens i t i ve  test €or soil urease, based on 

hydrolysis of heat  s tab le ,  14C-urea and have described the  urease a c t i v i t y  

- of ancient and buried soils. 

We have a l s o  explored i n  a general way the  behavior of enzymes i n  non- 

c l a s s i c a l  systems, e. g. on surfaces, i n  gels and coacervates, and a t  low 

humidity, as an a i d  t o  understanding enzyme ac t ion  i n  the heterogeneous 

systems, s o i l .  

A t  present w e  a r e  working on su i t ab le  ex t rac t ion  procedures f o r  s o i l  

urease and have been measuring a c t i v i t y  i n  one such ex t r ac t  i n  order t o  

study low urease is  complexed i n  s o i l  organic matter. W e  are a l s o  attempt- 

ing t o  analyse and predic t  microbial growth and the  k ine t ics  of consecutive 

react ions i n  s o i l  systems. 
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11. Vector ia l  Aspects of S o i l  Microbial Ecology: 

A POINT OF VIEW 

Conceptually, biochemistry i n  s o i l  has much i n  common with t h a t  of a 

plant or animal organism. A 1 1  t h ree  are systems with both i n t r a c e l l u l a r  

metabolisms and ex t r ace l lu l a r  enzyme react ions.  The ex t race l lu la r  reac t ions  

most of ten  involve heterogeneous c a t a l y s i s  (McLaren and Bcke r ,  1970) , and 

i n  the  case of s o i l  t he  enzymes a r e  mostly i n  a n  insoluble  s t a t e ,  i . e .  t h e  

enzymes are cross-linked with insoluble  , co l lo ida l  organic matter (McLaren 

and Peterson, 1967). A l l  three systems a l s o  exhib i t  vec to r i a l  react ions.  

The concentration of a metabolite [SI i s  a funct ion of time t and the  

rate of change i s  a funct ion of t h e  amount of ca t a lys t  E, t h e  temperature, 

t h e  pressure, t h e  water a c t i v i t y ,  amounts of coreactants ,  surface pH, 

bulk pH, and t h e  numbers of cel ls  and c e l l  species of t h e  ac t ive  c e l l  

population. Frequently i n  s o i l  microbial  experiments, t o  a sample of 

moist s o i l  t he re  i s  added a subs t ra te  at some bulk concentration [SI. 

The subs t ra te  becomes d i s t r ibu ted  among a number of surface and c o l l o i d a l  

si tes by adsorption and by ion  exchange and the  concentration can no 

longer be spec i f ied  uniquely. Thus any model of the  chemical a c t i v i t i e s  

of s o i l  i s  a t  once, of necessi ty ,  a gross oversimplification. If  the  

s o i l  i s  a n  i so l a t ed  sample, closed with respect  t o  the  f u r t h e r  addi t ion  

of S and open t o  air  or  not, one al,so has a "very unnatural" s i tua t ion ,  

a statement that may be j u s t i f i e d  i n  t h e  following way, I n  such an iso- 

lated system t h e  organisms are dis t r ibuted i n  t h e  system as zooglea, o r  
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simply, i n  pa i r s ,  as spores etc., both i n  e a s i l y  e lu tab le  and i n  t i g h t l y  

bound f o m o n  the  mineral and humus pa r t i c l e s ,  

of S, secreted by any microbe o r  mediated by ex t r ace l lu l a r  enzyme action, 

i s  avai lable  by d i f fus ion  and/or by microbial movement f o r  fur ther  chemical 

reaction. Customarily one expresses a rate of change of S i n  such a system 

as  - d[X]/dt = d[P]/dt  and these are scalar quant i t ies .  

The product P of react ion 

For a react ion 
" 

NO a l l  forms of nitrogen Ni a r e  sequence such as NH 

d i s t r ibu ted  throughout t h e  bulk soil sample and are more o r  less equally 

ava i lab le  t o  the  enzyme systems present ( intra- o r  ex t race l lu la r ) .  That 

is t o  say, f o r  t h i s  example, we have a heterogeneous mixture of subs t ra tes  

and microbes d i s t r ibu ted  within the  bulk s o i l  volume i n  a closed system 

and both Nitrosomonas . s p .  and Nitrobacter sp. have simultaneous and nearly 

equal access t o  Ni. 

+ 
4 N02 3 

I n  s i t u ,  however, s o i l s  have a prof i le ,  i.e., a change of propert ies  

with depth. If NH: is  supplied a t  the  surface of the s o i l  and a so lu t ion  

with concentration [NH 

somonas t o  NO 

w i l l  be exposed t o  only small concentrations of NO2 , whereas a t  some 

depth below the surface, X, t he  concentration of NO w i l l  be grea te r  and 

Nitrobacter w i l l  experience an increased a v a i l a b i l i t y  of nutr ient .  

o ther  words the  concentrationsand r a t i o s  of concentrations of NH 

and NO w i l l  not only vary with t i m e  i n  a given volume element, but w i l l  

vary from volume element t o  volume element with a downward change i n  X. 

An organism, such as Nitrobacter, lower i n  the  s o i l  p r o f i l e  w i l l  be exposed 

t o  r a t i o s  of concentrations of [NH ]/[N02-]/[N0 - 3  d i f f e r ing  from those 

i n  volume elements above it and the  best  way t o  express the,!hanges of bulk 

4- ] moves downward, i t  can be oxidized by Nitro- 4 - 
I f  a t  the  surface [NO -1 is small i n i t i a l l y ,  Nitrobacter 2 "  2 

- 
2 

I n  
4- s 

4 ' N02 - 
3 

4- 
4 3 
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c concentrations i n  the system i s  as  d[EJHk ]/ax, d[N02-]/dX and d[NO -]/dX. 

(By bulk concentrations are meant the  t o t a l  amounts of each of Ni divided 

by the  bulk volume element of the  s o i l  a t  any X). 

vector  quan t i t i e s  s ince  they have both magnitude and d i r ec t ion  (downward 

i n  t h i s  case).  

chemistry i n  common with o ther  t ranspor t  s i t u a t i o n s  i n  nature. Uptake 

of sugars by p lan t  roots o r  t ransport  i n t o  i n t e s t i n a l  v i l l i ,  are other  

examples (McLaren nand Packer 1970). 

Assuming t h a t  the  flow rate of 

3 

These are c lea r ly  

Thus soiX biochemistry has the  charac te r  of a vector 

c 
NH4 i n  a s o i l ,  i n i t i a l l y  f r ee  of 

NH4 , is  given by f = 5 where X is i n  centimeters and t is i n  hours, w e  

may write for  the sequence NH4f  

4- 
t - - 

NO2 ->, NO3 ,d(NHc]/dt = f d[KK~*l/dX 

etc. A so lu t ion  of equations f o r  t h i s  reac t ion  sequence de- 

pends on the growth, maintenance energy and waste biochemistry of the 

organisms involved, i.e. on the  mechanisms assumed f o r  each s t e p  i n  the 

reac t ion  sequence. Examples of such so lu t ions  f o r  s o i l  p r o f i l e s  have 

been published (McLaren, 1970). 



summary 

Prediction of rates of biochemical change of chemicals in  s o i l  

during downward movement is  an important problem, especially since the 

changes ref lect  the growth of microorganisms and vice versa. 

t ion of nitrogen compounds in  a s o i l  profile is discussed by way of i l lus -  

The oxida- 

tration and a mathematical model is outlined. 
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11. PERSISTENCE OF ENZYMES IN SOIL 

Abstract 

Microorganisms and plant roots release a variety of enzymes into 

These enzymes exist  in  an active s ta te  in  soi ls  for a certain ; o i l ,  

Ieriod of time. 

-esidual activity may be detected af ter  long time periods. 

Most of the enzymes are inactivated rapidly, but some 

Geologically preserved permafrost so i l s ,  and so i l s  stored about 

io years i n  an air-dried state have been examined for urease, 

lehydrogenase, and phosphate activities. Measurable dehydrogenase 

ictivity may be detected in  relatively fresh so i l s  only; it is thought 

:o reflect  the rate of the overall microbial metabolism or  biomass. 

Jrease and phosphatase activit ies were observed in  8,715 and 9,550 years 

>Id permafrost peat samples, whereas i n  a 32,000 years old buried s o i l  

;ample these enzymatic activit ies were below detectable levels. In a l l  

:xamined so i l s  urease activity reflected the organic matter content. 

'hosphatase activity in  the 60 years old desert s o i l  samples reflected 

:he microbial numbers a d  the so i l  type, whereas with other s o i l s  the 

:orrelation may be better with organic matter content. 

Generally, microorganisms have been recovered from over 300 years 

>Id air-dry stored s o i l  samples, and preserved seeds of similar and 

ilder ages have been germinated, indicating that enzymes may persist  in  

their native environment a t  very low water activit ies for extended 
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periods of time. 

such dry environments, specifically, the so i l ,  are protected against 

further inactivation by the physical restrictions in  sorbed s ta te  and by 

the osmotically and hygroscopically held water layer. Alternatively, 

the enzyme protein may be covalently bound t o  other s o i l  organic particu 

late matter, and the protein molecular structure maintained. 

I t  is likely that enzymes, being sorbed on surfaces in 

Introduction 

Wst  s o i l  organisms release enzymes into the so i l  and many 

3iological transformations in  s o i l  are partially or wholly catalyzed by 

enzymes found outside the living s o i l  organisms (Skuji$, 1967). 

order to  function these enzymes should remain in  the s o i l  outside the 

living cells i n  an active s ta te  f o r  a certain period of time. 

In 

Upon the death of cells,  collapse of ce l l  walls and disintegration 

of membranes, protoplasmic constituents are released into soil .  

Although most of the released protein, carbohydrates, lipids, and other 

cellular material may be quickly metabolized by other organisms, some 

enzymes apparently persist  i n  s o i l  in an active s ta te  and appear quite 

resistant to denaturation in the s o i l  environment. 

however, a t  isolating enzymes 

Almost a l l  attempts, 

i n  pure form from the s o i l  have been 

msuccessful, perhaps because of the strong binding of proteins by clays 

and humus constituents. Consequently, such binding might be instrumenta 

in  the s tabi l i ty  of free enzymes in  so i l .  

In the last decades much empirical information has been collected 

regarding enzymatic activities i n  s o i l ,  but answers t o  a ntrmber of 

fundamental questions are s t i l l  lacking, especially those regarding the 
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2 o r i g i n s  of enzymes in  s o i l s ,  their  distribution and localization in  the 

3 s o i l  matrix, and their  significance i n  the decomposition of s o i l  organic 

4matter and in  hmus formation. From the biogeochemical point of view it 

5 i s  of interest  t o  examine the persistence of these enzymes in  soi ls  and 

6 the i r  eventual effect on organic matter transformation, but the chemical 

7 and physical factors determining their  persistance i n  s o i l s  are virtuall  

8Lnikn OWn. 

9 Detailed study of the activities of free enzymes in  so i l s  has 

10 encountered some fundamental difficulties. 

l lquestion has been the problem of effective inhibition of microbial 

12activity a t  the same time retaining the s o i l  enzymes unaffected. I t  is  

13 also desirable not t o  disturb other chemical and physical properties of 

14 the so i l .  

15 addition of toluene or  other bacteriostatic agents t o  s o i l ,  another 

16method is the high-energy radiation steri l ization. The unequivocal 

17 separation of metabolic activities of nicroorganisms from those of 

18 extracellular enzymes in  so i l s ,  however, has not yet been achieved. 

19  

20 rapid rate. 

2 1  recent advances i n  polymer chemistry, especially regarding the organic 

22matter - protein interaction and the enzyme kinetics a t  surfaces and 

23 interfaces. 

24 recently (Skujiys", 1967) and excellent review articles on enzymatic 

25 activit ies i n  soil have been written by Kiss (1958), Durand (1965) 

26Hofmann and Hof- (1966) 

24 1970). 

The main methodological 

The most widely used method for  this purpose has been the 

Since about 1950 studies i n  s o i l  enzymology have increased a t  a 

A new impetus t o  s o i l  enzymology is being given by the 

Problems i n  s o i l  enzymology have been discussed i n  detail 

and by Kuprevich and Shcherbakova (1966, 

3 



4 

Persistence of Enzymatic Activities 

in Several Soils 

4 

5 encounters considerable methodological and conceptual difficult ies . 
6Nonnally a l l  so i l s  have an active micro- and macroflora and fauna and 

7 t h e  extracellular enzyme content is i n  a constant flux. 

8for  naturally or ar t i f ic ia l ly  preseryed soils and t o  =sure *t during 

Sthe period of preservation no influx of microorganisms has occurred and 

10that the s o i l  has not been disturbed by leaching or other climatological 

11 and physical factors. 

12 purposes : 

13preserved in  s o i l  museums and collections i n  sealed containers. 

14 with such s o i l  samples, there exists an obvious drawback: 

15 factory l l ini t ia l l l  control values are available. 

16 

17 enzymatic activit ies by SkujiG and McLaren (1968). 

18 Soils from the Hilgard collection (located in  Hilgard Hall, 

19 University of California, Berkeley) were collected in  California around 

20the turn of the century under the direction of Professors E. W. Hilgard 

21 and R. H. Loughridge (Loughridge, 1914) ; samples have been stored and 

22 left undisturbed since their  collection. The examined s o i l s  No. 1 t o  

23No. 1 2  are typical non-cultivated desert and arid area samples. 

24 

25 1965) air dried and examined a year la ter ;  their  age has been estab- 

26lished by radio-carbon dating by the U.S. Army Cold Regions Research 

Experimental determination of longevity of enzymes in  s o i l  

One has t o  look 

Two types of soi ls  might serve f o r  these 

1) naturally preserved in  permafrost, and 2) ar t i f ic ia l ly  

Even 

no satis-  

Both types of preserved so i l s  have been examined f o r  some residual 

’ !  
r :  

The Point Barrow, Alaska samples were collected i n  1964 (Brown, 

271and Engineering Laboratory, Hanover New Hampshire. 
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Dublin and Yo10 so i l s  have been stored air-dry f o r  the period 

indicated. *The Oxford Tract s o i l  samples were examined fresh. 

Soi l s  are described in  Table 1. 

Dehydrogenase was determined according t o  a modified method b y .  

Kozlov (1964) (Skujig and McLaren, 1968), based on the oxidation of 2,3 

5-triphenyltetrazolium chloride by dehydrogenase t o  triplienyl formazan. 

Phosphatase was determined according t o  a method by R k r e z -  

Martgnez and McLaren (1966a) (Skuji$ and McLaren, 1968). Na-6-napthyl 

phosphate is hydrolysed by phosphatases in  s o i l  and the resulting 6- 

napthol w a s  extracted and determined by spectrofluorophotometry. 

The determination of urease activity w a s  based on hydrolysis of 

’k-urea (Skujil)s” and McLaren, 1969): t o  a 1 g s o i l  sample in  a planchet 

was added 10 mg 14C-urea containing 10 pci 14C, and 0.5 m l  K-acetate, 

pH = 5.5, 0.05 M. 

chamber and the increase of 14C02 in  the chamber was monitored and 

recorded. 

per minute (A .cpm/min) . 

The planchet was placed in  a radioactive gas counting 

The results were expressed as the rate of increase of countss 

Results of the determination of dehydrogenase, phosphatase, and 

urease activities, i n  so i l s  are shown in  Table 2 .  

Ameasurable dehydrogenase activity was  shown t o  exist i n  the 

fresh s o i l s  and in  so i l s  stored for few years. 

or  no dehydrogenase activity in  the g. 60 years old Hilgard Collection 

soils and in the P t .  Barrow so i l s  with the exception of No. 1-700; the 

l a t t e r  reflects the high microbial activity in  this  sample. 

There was very limited 

No other 

correlation between dehydrogenase activity and other ’factors was  

evident. 
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The assay of dehydrogenase activity in  so i l s  has been used t o  obtaii 

:orrelative-information on the biological activit ies of microbial 

?opulation in  so i l s .  Measurable activity may be obtainedwithout any 

zdditions of metabolites, and the results i n  such cases reflect  endo- 

Zeneous respiration (Casida e t  aZ.,, 1964) . In general ,, dehydrogenase 

activity i n  s o i l  reflects the overall metabolic rate. I t  is l ikely 

that dehydrogenase activity would reflect  the to ta l  biomass i n  s o i l ,  

iowever, a verification of this assumption is desired. 

Phosphatase w a s  detected i n  measurable amounts i n  most so i l s ;  trace 

amounts were present in Hilga'rd sample No. 4,  no activity was detected 

in Point Barrow s o i l  No. 714. 

Phosphatase activity in  so i l s  has been extensively studied but the 

published reports are abundant i n  contradictory observations and inter- 

pretations. Most of the observations show that the maximal activity 

occurs near a neutral pH value and not necessarily a t  the natural pH 

of the so i l s .  In some so i l s  that activity may increase, however, w i t h  

increasing pH. 

higher amounts of organic matter. 

s o i l  samples examined here. 

activit ies i n  the stored Hilgard s o i l s  reflect  the number of micro- 

organisms, our data on the permafrost so i l s  suggest, however, that 

phosphatase activity may not be directly correlated with microbial 

numbers i n  some soi ls .  

reported findings (Rdrez  - Martinez and McLaren, 1966b) indicating that 

Phosphatase activity usually is greater in  so i l s  with 

This trend is also evident i n  most 

Although it appears that  phosphatase 

The data are consistent w i t h  previously 

most of the so i l  phosphatase i s  extracellularly bound t o  the s o i l  

organic matter. It  is of interest t o  note, for example, that there was 
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io phosphatase (and no urease) activity i n  the 32,000 years old P t .  

3arrow so i l .  No. 714, although a large number of microorganisms 

recovered (reflected also by the high dehydrogenase activity). 

2pparent that  the s o i l  was contaminated while in transit  from the source 

to the laboratory, as there were no specific aseptic procedures attempte 

I t  is 

luring the handling of Point Barrow so i l  samples by the collecting 

xgency . This sample, however, serves as an "internal control". 

results indicate that the microorganisms present i n  this s o i l  did not 

xoduce measurable phosphatase (nor urease) activity which were l o s t  

juring the 32,000 year long burial time i n  permafrost. 

Generalization is difficult  as  the organic matter rich s o i l s  as a 

r u l e  also have significantly higher nunhers of microorganisms. Perhaps 

lirect correlation cannot be expected. It has been shown that phos- 

?hatase activity i n  s o i l  is inversely proportional t o  the biologically 

wailable phosphate: adding inorganic phosphate usually diminishes the 

xctivity and even i n  so i l s  having a high organic matter content it is 

zsociated w i t h  phosphate availability (cf. references cited by 

Skuji$, 1967). 

Urease activity was present in  most of the examined s o i l s ,  but w a s  

not detected in  the 32,000 years old Pt .  Barrow s o i l  No. 714, Hilgard 

samples No. 2 and No. 4, and only traces i n  Hilgard alkali s o i l  samples 

vb, 9 and No. 10 ,  also i n  No. 12. 

Urease activity i n  so i l s  appears t o  correlate in  general with the 

number of microbes but i t s  increase with increasing organic-matter 

content has been noted.' In soil fractionation studies the highest 

urease activity remained associated with the clay fraction (Hof fmann, 
b 

I 
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1959). 

may be correlated with the organic carbon content. As stated, however, 

Our data indicate that the urease acit ivity in  preserved samples 

increase of microbial numbers follows the increase in  organic matter. ' 

The maximal activity of urease i n  most so i l s  is found a t  pH = 6.5 

t o  7.0. In alkaline s o i l s  the activity decreases considerably, 

especially i n  carbonate-rich s o i l s  (Galstyan, 1958 ; Skuj i$ and McLaren, 

1969). 

I t  seemed possible that urease in  such stored and air-dried so i l s  

might exist  i n  an oxidized and, therefore, inactive state.  Extensive 

pretreatment of several preserved soi ls  with HzS o r  cysteine, however, 

did not increase the urease activity. 

I t  is evident that there is some residual phosphatase and urease 

activity i n  the 8715 and 9550 years old Pt.  Barrow peat and s o i l  samples 

which have been subjected t o  permafrost f o r  most o f  their  established 

age, and also in  the ea. 60 years old arid area so i l s  of the Hilgard 

Collection. 

sample i n  spite of the bacterial contamination af ter  collection. 

Enzymatic activit ies were not found in  the 32,000 years old 

The activit ies of purified enzymes i n  solution in vi-tru and of 

native enzymes i n  s o i l  are by no means comparable with respect t o  the 

amounts of enzymes present because of the differences in  physical and 

chemical environment. 

regarding the enzymatic content i n  soi ls  may be estimated. 

Nevertheless, some semiquantitative values 

For example, 

the enzymatic activity values for one gram of Yo10 s o i l  (Table 2) are 

equivalent t o  the activity of 203 pg potato acid phosphatase (Pentex, 

Inc,), 0.276 pg urease (Worthington, UR) , and 0.0017 pg dehydrogenase 

Worthington, A D S ,  estimated). The amount of protein, based on the 
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sacterial biomass i n  a f e r t i l e  s o i l ,  is about 100 yg/g. 

Origin of Some Soil Enzymes 

The factors contributing t o  the total  enzymatic activity i n  so i l s  

zre : 

a) proliferating microorganisms which release extracellular enzymes 

as a part  of their  physiological activity, 

b) free enzymes released into s o i l  from lysed microorganisms, 

c) enzymes accessible t o  substrates i n  dead but not lysed cells,  

d) free enzymes released into s o i l  from plant roots o r  enzymes on 

the surfaces of roots,  

e) any metabolic activit ies of live cells and roots present i n  the 

soil,  and 

f). contributions similar t o  these from s o i l  animals. 

I t  has been demonstrated that s o i l  microorganisms release into 

soil a series of enzymes, not a l l  of which may not be classified as 

typical extracellular enzymes ; among them carbohydrases, transferases , 
lignin decomposing enzymes and various enzymes involved i n  phosphate 

netabolism. Similarly, enzymes are released by plant roots, including 

invertase and phosphatases. 

Many investigators have t r ied t o  correlate bacterial numbers and 

znzymatic activity $n so i l ;  positive correlation is  rather an exception 

than a rule. 

shown that no relationship exists between s o i l  phosphatase activity and 

fungal numbers. 

2 

For e&mple, Rdrez-Martinez and McLaren (1966b) have 

Other examples have been discussed (SkujiG, 1967) e 

To approach the problem of the mechanisms involved in the or ig ins  
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A dosage of 4 Mrad increased urease activity i n  Puerto Rico Nipe 

Upon irradiation a so i l  urease component, most likely the intra- 
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Changes i n  urease activity i n  soi ls  during a prolonged air-dry 

State of Enzymes i n  Soi l  

The questions regarding the physical and chemical s ta te  of enzyme 

Presently two types of interactions, important i n  enzyme stabi l i -  

Generally, the adsorption of proteins on clays occurs in  a wide 
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snzyme sorption on clays imparts s tabi l i ty  on the enzyme (cf. references 

cited by Skuj ig ,  1967, and McLaren, 1970) and it might be a factor i n  

the accumulation of enzymatic activit ies i n  soils.  

In a study on ,esterase activity i n  s o i l ,  Haig (1955) fractionated 

the clay fraction had the highest esterase activity, fine sandy loam: 

but very l i t t l e  i n  silt and sand. A similar fractionation of several 

enzymes was performed by Hoffmann (1959). 

activity was highest in  the silt fraction; that  of urease, i n  clay; 

since the number of microorganisms in  the clay fraction was  negligible, 

it was evident that urease had been adsorbed and remained active on the 

He found that a carbohydrase 

clay. 

urease activity is associated with the s o i l  organic fraction and as such 

Recently El-Sayed and McLaren (1970) have shown, however, that  

may be separated from clays and other..inorganic constituents. 

Soil constituents - the organic and inorganic colloids and clay 

In an "air dry" particles are always covered with a layer of water. 

so i l  such water is held by a force of more than 15 atm. negative suction 

and may extend t o  distances of 100 A and more from particle surfaces. 

Some properties of this "osmotically held" water (Low , 1961) suggest 

0 

the characteristics of ''polywater". Such a layer of water on clay surfai 

could act as a protective agent for sorbed proteins, i.e.,  enzymes. 

Excellent survival of microorgansims i n  air-dry so i l s  is a well 

known phenomenon. 

studied, however, very l i t t l e .  

Survival of enzymatic activit ies i n  so i l s  has been 

I t  may be noted that the physical and 

emical molecular environment, within certain limitations, might be 

uite similar for a protein molecule in  an "air-dried" organism within 

, 

e 
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"air-dried" s o i l ;  thus certain parallels on the survival of biological 

activity may be drawn. Incidentally, Sneath (1962) suggests that af ter  

the in i t i a l  die-off of organisms in  air-dried so i l s  during the first 50 

years, the "half-life" f o r  further microbial decrease is 1 5  years; a 

ton of s o i l  should contain a few viable organisms even after 1000 years. 

In the determination of the enzymatic activit ies i n  s o i l ,  the 

effect of so i l  moisture content has been considered negligible by the 

earlier investigators. 

invertase activity in  s o i l  decreased noticeably during the first days of 

air-drying, but that it became stabilized thereafter. 

Kurbatov (1961) indicated that air-drying of s o i l  reduced catalase 

activity t o  about 50% of the activity in  a moist s ta te ,  and Ross (1965) 

found that invertase and amylase activit ies were lowered by more than 

20 percent and 50 percent respectively in  air-dried s o i l s  a t  20°C; i n  

some naturally arid so i l s  the decrease was fractional'. These reduction: 

i n  activit ies resulted mainly from the in i t i a l  drying which also reduced 

the numbers of viable bacteria. 

on storage a t  - 2 O O C  but the changes were sl ight over long periods; 

Scheffer and Twach-tmam (1953) pointed out that 

Latypova and 

Invertase activity in soils decreased 

inactivation of amylase activity w a s  greater and increased with 

prolonged storage (Ross, 1965). 

Skuj i$ and McLaren, unpublished results) that phosphatase activity in  

fresh greenhouie s o i l  was reduced to  90% a t  7% moisture content and to  

We have observed (Rdrez-Martinez, 

60-70% a t  equilibrated air-dried conditions. 

I t  is of interest t o  note that similar t o  enzymes and bacteria i n  

soils,  many plant seeds are known t o  survive for a hundred years o r  more 

:n an air-dried s ta te ,  I t  is likely that in  structural systems (so i l  
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2 interfaces, cellular reticulum) thin, "osmotically" o r  "hygroscopically" 

3bound water,layers act as structural stabil izers f o r  protein moieties of 

4 enzymes. 

5 The study of water-insoluble, immobilized derivatives of biologi- 

6cally active enzymes has received a considerable attention in the last 

Ydecade, I t  is most attractive t o  consider these derivatives as models 

8 fo r  possible analogous immobilization processes of enzymes in  s o i l .  

9There are three principal methods for the preparation of immobilized 

10 enzymes (Goldstein and Katchalski, 1968) of interest  t o  s o i l  biochemistr 

11yet a l l  these methods are mild enough not to  denature the protein, 

12 rather t o  maintain their  biochemical activities: 

13 1) inclusion of protein into gel latt ices,  the pores of which are 

14 too small t o  allow the escape of entrapped protein (the gels used here 

15 are acrylamide and starch), 

16 2) covalent binding of proteins t o  a macromolecular carrier by 

tional groups non-essential t o  the enzymatic activity, and 

3) covalent cross-linking of the protein by an appropriate 

ctional reagent. 

One of the earlier methods involved binding of proteins to  carbaxy- 

lcellulose via the corresponding azide e 

aminophenylalanine and leucine has been used extensively next t o  

Later synthetic copolymer 

derivatives, among others. 

Many of these carriers are closely related t o  natural substances in  

re have been no experiments as yet t o  examine i f  similar 

take place 

is wide oDen. 

so i l s .  between s o i l  humus polymers and enzymes. 
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TABLE 1 

Description of so i l s  (Skujivs' and McLaren, 1968, 1969) 

Soil  Description 

i lgard No. 1 

ilgard No. 2 

i lgard No. 3 

i lgard No. 4 

lilgard No. 5 

i lgard No. 6 

i lgard No. 7 

i lgard No. 8 

Zlgard No. 9 

[ilgard No. 10  

Iilgard No. 11 

[ilgard No. 1 2  

It. Barrow, No. 1-1182 

I t .  Barrow, No. 4 

'1. Barrow, No. 714 

't, Barrow, No. 1-700 

Lawaihae 

Coachella Valley, loam, surface 30 an. 

Same as No. 1, .60-90 an deep 

Victonrille-Mo j ave River Mesa , sandy , surface 
30 an 

Same as No. 3, 60-90 cm deep 

Bishop-Owens River Valley, sandy, surface 30 a 

Same as No. 5, 60-90 cm deep 

Bakersfield-Kern River Delta, loam, surface 30 

Same as No. 7, 60-90 cm deep 

Tulare Experiment Station,sandy, alkaline, 

Same as No. 9, 60-90 an deep 

San Bernardino-Victoria Tract, sandy loam, 

Same as No. 11, 60-90 an deep 

Alaska, peat, 8715 k 250 years old, 45 an deep 
in  permafrost 

Alaska, loam, overlaying No. 1-1182, 5-30 cm 
deep, subject to freeze-thaw cycle 

Alaska, humic sandy si l t ,  5.50 m deep i n  
permafrost, approx, 32,000 yrs. old 

Alaska, peat, 1.40 m deep i n  permafrost, 9550 
rt 240 years old 

cm 

surface 30 an 

surface 30 an. 

Island of Hawaii, Red Desert latosol loam, 
top 5 an 
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TABLE 1 (cont.) 

Soil Description 

7 

6 Lahaina Island of Oahu, latosol clay., top 25 cm I 
Mahukona Island of Hawaii, latosol s i l t y  clay loam, 

top 15 cm 

k l o k a i  Island of Oahu, latosol clay, top 25 cm 

ahiawa 

ipe I 

'ipe I1 
12 

13Control Soils: 

Island of Oahu, latosol clay, top 25 cm 

Puerto Rico, latosol clay, top 2.5 an 

Same as Nipe I ,  15-25 an deep 

California, adobe clay loam, stored 1 2  yrs. 

California, silt,loam, stored 6 yrs. 

Berkeley, California, loam, fresh 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

21 
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Figure 1. 

Urease activity in  air-dry nonirradiated and irradiated (4 Mrad and 8 

Mrad doses) Hawaiian and Puerto Rican latosols; Dublin adobe clay 

irradiated a t  5 Mrad dose (Skuji$ and McLaren, 1969). 
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111. PROGRESS IN RESEARCH 

1. FACTORS AFFECTING THE ENZYME ACTIVITY OF 

EXTRACTED SOIL UREASE 

Introduction 

Although we have been ab-le t o  ex t rac t  a urease-active f r ac t ion  

from Dublin s o i l  ,3 quant i ta t ive  assessment of t h e  y i e ld  has been 

deferred because the  ac t ive  moiety extracted is  apparently under t h e  

influence of an inh ib i to r .  It i s  important t o  f ind  an e f f ec t ive  4 

means of concentrating t h e  act ive f r ac t ion  extracted and t o  remove t h e  

inh ib i to r  o r  at least study i t s  e f f ec t  upon t h e  enzyme ac t iv i ty .  The 

two methods described previously, namely water extract ion with Carbowax 

and p rec ip i t a t ion  with calcium chlor ide,  were not s a t i s f ac to ry  fo r  

reasons mentioned before.  A more promising procedure i s  now described 

based upon t h e  finding t h a t  when a s o i l  ex t r ac t ,  obtained by urea- 

s a l t  combination treatment as described previously,  was  subjected t o  

extensive d i a lys i s ,  a sediment possessing considerable urease a c t i v i t y  

w a s  formed without recourse t o  prec ip i ta t ion  induceable by: calcium 

chlor ide addition. 

X-ray d i f f r ac t ion  ana lys i s )  and has t h e  des i rab le  property of being 

easy t o  "clean" (p rac t i ca l ly  a l l  t h e  dark-colored mater ia l  can be removed 

without loss  of a c t i v i t y ) ,  

appeared t o  be maintained fo r  a long period of time without de te r iora t ion ,  

This sediment does not contain clay (as shown by 

Enzymatic a c t i v i t i e s  of these p rec ip i t a t e s  
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The cha rac t e r i s t i c s  of these p rec ip i t a t e s  a re  s tudied below f r o m t h e  

standpoint of enzyme s t a b i l i t y ,  res i s tance  t o  various manipulations, 

and f e a s i b i l i t y  of desorption and/or dissolut ion.  

t h e  amount of a c t i v i t y  extracted should be made with these f ac to r s  i n  

Any assessment of 

mind. Relative ' a c t iv i t i e s  are used throughout t o  f a c i l i t a t e  comparison. 

Extraction €'Procedure 

A large-scale ex t rac t ion  w a s  car r ied  out i n  t h e  cold room (-4'C) 

as follows. Dublin s o i l ,  3 Kg, w a s  suspended i n  10 - l i t e r  solut ion 

having the  following composition: 

0.25 M N a  phosphate buf fer  at  pH 7.0 

2 E urea 

4 sodium chloride 

and containing 

50 g EDTA 

50 ml mercaptoethanol 

1 0  ml chloroform 

50 ml toluene 

The suspension was  s t i r r e d  continuously f o r  4.5 hours and then 

f i l t e r e d  through f i l t e r  candles; 8.5 l i t e r s  of f i l t r a t e  was co l lec ted  ( I ) ,  

To t h e  remaining mater ia l s ,  1 0  l i t e r s  of  0.25 

was added, w i t h  s t i r r i n g  f o r  3 hours; a second f i l t r a t e  was obtained (9.6 

l i t e r s  (11)). 

subsequently added t o  the  remainder; a f t e r  s t i r r i n g  f o r  3 hours 10.4 l i ters 

N a  phosphate buffer  (pH 7 .0 )  

Ten l i t e r s  of 0.05 M N a  phosphate buffer  (pH 7.0) w a s  
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of f i l t r a t e  (111) was col lected from t h e  candles. 

( I V )  w a s  obtained by adding 25 l i ters  of 0.05 

An addi t ional  f i l t r a t e  

N a  phosphate buffer  

(pH 7.0)  t o  t h e  remainder and s t i r r i n g  f o r  4 hours, 

Concentrating t h e  F i l t r a t e s  

Extensive preliminary invest igat ion with t h e  following columns 

proved unsat isfactory f o r  p rac t i ca l  concentration of t h e  f i l t r a t e s  

obtained above. 

a. 

b ,  

C.  

d. 

e. 

f .  

Cel i te  (Johns-Manville) 

a diatomite f i l t e r  a i d  

AG 1-X2 (Bio-Rad) 

a quaternary ammonium anion exchange r e s i n  

Micro-Cell (Johns-Manville) 

a synthet ic  calcium s i l i c a t e  

Cellex-D (Bio-Rad) 

an anion-exchange ce l lu lose  

Hydroxylapatite (Bio-Rad) 

Bio-Gel . 
DEAE ce l lu lose  i n  t h e  phosphate form a t  pH 8,o appeared t o  

be the  bes t  but t he  r e s u l t s  were s t i l l  impractical ,  

In  a l l  these  treatments several  experimental conditions were t r i , ed  

with various buf fers ,  with d i f f e ren t  s t rengths  and pH values. It i s  not 

worthwhile t o  describe these techniques s ince they proved fu t i l e ,  The 

following d i a lys i s  procedure was most e f f ec t ive  i n  preparing an insoluble 

f r ac t ion  from t h e  f i l t r a t e s .  
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Sediments, p rec ip i ta t ing  na tura l ly  upon extensive d i a l y s i s ,  were 

found t o  exhibi t  high urease ac t iv i ty .  

means of concentrating t h e  f i l t r a t e s  i s  as follows. Two l i t e r s  of each 

of t h e  above described f i l t ra tes  were d ia l ized  for 4 days i n  cellophane 

tubing under running t a p  water ( i n  t h e  cold room). 

appeared i n  a l l  but  t h e  first f i l t r a t e  ( I )  with t h e  highest amount of 

sediment i n  t h e  four th  ( I V ) .  

by centr i fugat ion and brought t o  10-ml volumes i n  0,001 ZIVa phosphate 

buffer  (pH 7 . 0 ) .  

Table 1. 

The method adopted as a p rac t i ca l  

P rec ip i t a t e s  

These p rec ip i t a t e s  were col lected separately 

Some charac te r i s t ics  of t h e  f i l t ra tes  are  given i n  

A question arose as t o  whether t h e  same y i e l d  obtains when the  

three  f i l t ra tes  capable of forming p rec ip i t a t e s  (Table 1) are  combined 

before d ia lys i s .  

these f i l t r a t e s  were mixed i n  one d i a l y s i s  bag. One addi t iona l  a l iquot  

(1/3 l i t e r )  from f i l t r a t e  I V  w a s  placed i n  another bag and t h e  two bags 

were d i a l i zed  separately and concentrated as before ,  keeping t h e  same 

proportions. The r e s u l t s  were surpr is ing i n  t h a t  a c t i v i t y  i n  t h e  

combined sample (I1 + I11 + I V )  mounted only t o  t h e  a c t i v i t y  i n  

sample I V  alone. Therefore, combining these f i l t ra tes  was  deemed 

undesirable f o r  our purpose and it w a s  decided t o  use f i l t r a t e  I V  

exclusively throughout t h i s  invest igat ion.  The corresponding sediment 

( I V )  w i l l  always refer t o  t h e  mater ia l  obtained when one l i t e r  of t h e  

f i l t r a t e  i s  brought t o  5 m l  by the  process described above. 

To t h i s  end 3 equal a l iquots  (1/3 l i t e r  each) of 
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Table I 

Some properties of precipitates from the successive 
soil extracts 

Filtrate 
number Color 

Relative activity 
pH after in the precipitate 
dialysis formed* 

1 light yellow a. 3 
13: straw yellow 8.9 

I11 brown 8.7 

IV dark brown 9.2 

-- 
1 

4 

5 

*Urease activity determined in 0.25 E Na phosphate buffer 
at pH 7.0 in Conway dishes as described elsewhere,3 
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Ti t r a t ion  of Prec ip i ta tes  

T i t r a t ion  curves depicted i n  Figures 1 and 2 were obtained with 

the  combined (I1 + I11 + I V )  sample as follows: 

w a s  d i lu t ed  t o  105 m l  and brought t o  pH 3.0 with HC1,  

divided in to  3 equal pa r t s :  

4.5 ml of t h e  concentrate 

The volume was  

a. S i l i c a t e s  were removed from the  f i rs t  pa r t  by Jackson's 

~rocedure '  as  follows. 

tube coated with paraf f in  and centrifuged. 

then washed with 1 0  m l  of 0.12 

volume with water and centrifuged, 

3 times and then t h e  sediment was resuspended i n  35 ml of H C 1  

(pH 3.0) and kept t o  be t i t r a t e d  l a t e r .  

Organic matter w a s  removed from t h e  second pa r t  by decomposition 

with H202 on a hot p l a t e  u n t i l  t h e  effervescence ceased. 

The t h i r d  pa r t  w a s  l e f t  untreated and t i t r a t e d  d i r ec t ly .  

The sample was  placed i n  a centr i fuge 

The sediment w a s  

HF and made up t o  t h e  o r ig ina l  

The treatment w a s  repeated 

b.  

c. 

T i t r a t ion  curves of these samples were obtained under nitrogen flow 

i n  a Radiometer t i t r a t o r  with t h e  appropriate s t rength of sodium 

hydroxide. 

Testing for  Clay i n  t h e  Sediment 

Samples of concentrate I V  were d i lu ted  (1/6) and then dr ied  i n  

evaporation dishes i n  an oven maintained a t  8 0 O c .  X-ray d i f f r ac t ion  

was  car r ied  out on t h e  dr ied films by Barshad's method.' 

out above, no clay was found i n  these concentrates. 

A s  pointed 



r 



, 
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Character is t ics  of F i l t r a t e  I V  

The following information was obtained through extensive experi- 

mentation. W e  r e f r a i n  from recording each and every experiment t o  avoid 

clumsy r epe t i t i on .  

1. A sampIe withdrawn from the f i l t r a t e  (s tored  at 5 O C )  two 

months la te r  and then concentrated exhibited 70% of the  o r ig ina l  a c t i v i t y ,  

2. By cont ras t ,  t he  concentrate maintains i t s  a c t i v i t y  without 

detectable  loss .  

3. Subsequent d ia lys i s  of t he  concentrate against  d i s t i l l e d  

water f o r  one day (after 4 days under running t a p  water) was accompanied 

by an increase of about 50% i n  urease a c t i v i t y ,  possibly due t o  the  

concomitent removal of a sa l t ,  

4. Addition of  L-cysteine (NBC) t o  t h e  f i l t r a t e  before d i a lys i s  

( i n  an amount of 10 mg/ l i te r )  increased a c t i v i t y  of the concentrate by 

a fac tor  of 3. 

emphasized. 

The "protective" act ion of t h i s  compound cannot be over- 

A s  an aside,  the effect  of L-cysteine and B-mercaptoethanol (Eastman 

Kodak Co. ) on s o i l  urease i s  shown i n  Figure 3. 

obtained with 0.2 g s o i l  samples suspended i n  4 m l  buffer  and t r e a t e d  

w i t h  increasing concentrations of reagent for a period of 10  minutes 

before an a c t i v i t y  measurement. The corresponding e f f ec t s  on Jack Bean 

urease (Freehold, N , J . )  a re  shown i n  Figure 4 as  obtained with 50 mg 

samples. 

These r e s u l t s  were 
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i 

Character is t ics  of Sediment from F i l t r a t e  I V  

1. Treatment of  t h e  sediment (containing cysteine)  w i t h  0.25 

N a  citrate-phosphate (pH 6.5) resu l ted  i n  p a r t i a l  so lubi l iza t ion  of t h e  

sediment, However , t h e  res idua l  sediment (after centr i fugat ion)  contained 

almost a l l  of the o r ig ina l  a c t i v i t y ;  there  w a s  p rac t i ca l ly  no a c t i v i t y  

i n  the  supernates. Upon d ia l iz ing  t h i s  sediment against  0 . 1  N a  

phosphate buffer  (pH 7 .0)  overnight, i t s  a c t i v i t y  was r a i sed  by 60%. 

2. Treatment of t he  sediment with buf fer  (citrate-phosphate) at  

0.8 

sediment contained 80% of t h e  i n i t i a l  a c t i v i t y .  

a c t i v i t y  w a s  detected i n  the supernatant so lu t ion  (both t h e  sediment and 

t h e  supernatant were d ia l ized  against  0 . lg  N a  phosphate buf fer ,  pH 7.0, 

overnight before a c t i v i t y  measurements. 

concentration resu l ted  i n  a grea te r  dissolut ion;  t h e  remaining 

Again, hardly any 

3. A treatment similar t o  t h a t  i n  2. above, except far t h e  use of 

a 0.8 Na phosphate buf fer ,  pH 6.5, ( ins tead  of citrate-phosphate) 

r e su l t ed  i n  l e s s  dissolut ion of t h e  p rec ip i t a t e  with t h e  sediment 

containing 90% of t h e  i n i t i a l  a c t i v i t y .  

4. With e i t h e r  buf fer ,  t he  sediment was l i g h t e r  i n  color  t H a n  

p r i o r  t o  t h e  treatment.  

Effect of Dialysis 

Since d i a lys i s  of t h e  concentrate was found t o  increase i t s  a c t i v i t y ,  

it seemed desirable  t o  study t h e  process i n  more d e t a i l .  
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Time course of d i a lys i s  

To 2.5 ml of t h e  concentrate sediment ( I V )  , 7.5 m l  of 1 N a  

phosphate buffer  (pH 6.5) w a s  added; a f t e r  thorough mixing t h e  suspension 

was centrifuged. 

phosphate buffer  (pH 7 . O )  and divided equally i n t o  5 pa r t s .  Four of 

these were placed i n  d i a l i z ing  bags t o  be d i a l i zed  i n  beakers, each 

containing 150 m l  d i s t i l l e d  water. Dialysis w a s  car r ied  out i n  a refri-  

gerator  fo r  one hour, at  t h e  end of which one beaker was removed and 

d ia lysa tes  of t he  remaining beakers were replaced by f r e sh  d i s t i l l e d  

water (150 ml) . 
repeated with removal of another beaker and so on u n t i l  t h e  last  beaker 

was  removed after 4 hours. A t  t h e  end of d i a lys i s  the  suspensions were 

made up t o  1 2  ml each with 0 . 1  3 M N a  phosphate buffer  (pH 7.0) and t h e i r  

a c t i v i t y  obtained (Table 2 ) .  

water i s  somewhat detrimental ,  

Iden t i ty  of t h e  inh ib i to r  

The sediment was made up t o  25 ml with 0,1 M N a  - 

Following another hour of d i a lys i s  t h e  procedure w a s  

It appears t h a t  long exposure. t o  d i s t i l l e d  

In  order t o  ascer ta in  whether t h e  inh ib i to r  i s  e i t h e r  a cat ion or 

an anion, use w a s  made of an e l ec t rod ia l i ze r  (Alexander and Johnsdn, Colloid 

Science, Oxford) provided with VisKing membranes (VisKing Corporation, 

Chicago 38, Ill .) as follows, 

Na phosphate buffer  (pH 6.5 ) was added and w e l l  mixed f o r  1 0  minutes ; t h e  

suspension was then centrifuged. 

(pH 7.0) w a s  added t o  t h e  sediment and t h e  r e su l t i ng  suspensions were  

d i a l i zed  overnight i n  300 m l  d i s t i l l e d  water and then centrifuged. 

To one m l  of t h e  concentrate, 3 m l  of 1 - M 

Five m l  of 0 . 1  - M N a  phosphate buf fer  

The 



-14- 

Table 2 

Effect  of d i a lys i s  w i t h  replacement i n  d i s t i l l e d  water 
(after running t a p  water) on urease a c t i v i t y  of t he  concentrate. 

Treatment Relative a c t i v i t y  

No d i a lys i s  

1 hour, 150 ml 

2 hours, 300 ml 

3 hours, 450 ml 

4 hours, 600 ml 

1.00 

1.30 

1.25 

1.20 

1-19 
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sediment w a s  placed i n  t h e  cent ra l  compartment of t he  e l ec t rod ia l i ze r  

(300 m l )  and dialysed at 100 m a  f o r  one how ( the cen t r a l  compartment 

was s t i r r e d  meanwhile). 

i n  each) were than col lected separately and replaced by f resh  water and 

d i a lys i s  proceeded f o r  an addi t ional  80 minutes, 

d ia lysa te  was  obtained from each s ide  compartment. 

solut ions and the res idua l  300 ml i n  t h e  center compartment w a s  evaporated 

i n  a steam bath t o  a residual volume of 1 0  m each, The sediment of 

the cen t r a l  compartment w a s  col lected a t  the  end of the  electro-  

d i a lys i s  and centrifuged; the concentrated sediment was divided i n t o  4 

equal p a r t s .  

obtained above, while t h e  fourth pa r t  received 10 m l  of d i s t i l l e d  water. 

Urease a c t i v i t y  of these samples w a s  then measured by t h e  standard 

procedure (Table 3) .  

The contents of the s ide  compartments (500 ml. 

Thus, one l i t e r  

Each of these 

Three p a r t s  were t r e a t e d  separately w i t h  the evaporates 

Although the  r e s u l t s  are not qu i te  impressive, the indicat ion 

i s  tha t  the inh ib i tory  substance i s  pos i t ive ly  charged and of a low 

molecular s i z e  dimension, It remains t o  be seen whether these cations 

are either organic or metal l ic .  

cat ions on urease has been noted. 

The inhib i tory  e f f ec t  of heavy metal 

6 

Enzyme Desorption from the  Sediment 

The f e a s i b i l i t y  of desorbing urease from t h e  sediment by a buf fer  

at a pa r t i cu la r  pH range w a s  t e s t ed  as follows. A s e r i e s  of experiments 

w a s  conducted i n  which the  sediment ( I V )  was t r e a t e d  w i t h  1 

buffer a t  various pH values.  

N a  phosphate 

Although 58% of  t he  a c t i v i t y  was l o s t  a t  

pH 5.0, t h i s  l o s s  did not show i n  the  supernate. Moreover, prolonged 
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Table 3 

Effect of e lec t rodia lysa tes  on urease a c t i v i t y .  

Treatment Relative a c t i v i t y  

Control" 

Cathode chamber? 

Middle chamber? 

Anode chamber? 

1,oo 

0.76 

1.13 

0.85 

- 

*Sample not e lec t rodia l ized .  

?Refers t o  d ia lysa tes  of t h e  respect ive chamber. 
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keeping of t he  sediment a t  pH 6.0 proved detrimental  t o  enzyme a c t i v i t y ,  

A t  pH 8.0 some a c t i v i t y  was found i n  t h e  supernate but t h e  value d i d  

not exceed 5% of the i n i t i a l  ac t iv i ty .  

Enzyme Release by Dissolution of P rec ip i t a t e  

Attempts t o  release the enzyme by t i t r a t i n g  the sediments with 

H C 1  down t o  pH 5.0 gave very l i t t l e  a c t i v i t y  i n  the supernates, Like- 

wise, adding HF t o  these p rec ip i t a t e s  t o  pH 4 did not prove any b e t t e r ,  

It w a s  then deemed necessary t o  first "clean" these mater ia ls  i n  the 

hope of f a c i l i t a t i n g  desorption, 

Cleaning t h e  Concentrate 

From the foregoing observation, N a  phosphate buffer  w a s  considered 

preferable  t o  a N a  citrate-phosphate combination and t h e  following 

experiment w a s  performed exclusively w i t h  t h i s  pa r t i cu la r  buf fer  a t  a 

s t rength of 1 E and pH 6.5. Thirty m l  of buffer  was  added t o  5 m l  of 

the  concentrate (sediment I V )  and, a f t e r  mixing w e l l  f o r  10 minutes, the 

suspension was divided equally i n t o  7 centr i fuge tubes,  

t r ea t ed  a l t e rna te ly  as indicated i n  Table 4 ,  w i t h  buffer  and centr i fugat ion,  

Thus, we a re  l e f t  with a yellowish-gray sediment re ta in ing  near ly  

These tubes were 

a l l  t h e  o r ig ina l  a c t i v i t y  i n  s p i t e  of removing t h e  "dirty" mater ia l ,  

i s  a for tunate  accomplishment s ince these colored materials const i tuted 

This 

an obstacle  during previous attempts t o  concentrate the  ex t rac ts .  
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Table 4 

Urease activity of the concentrate as a function of successive 
washing with sodium phosphate buffer. 

Treatment 
(washing) * 

Relative activity 
Color of of remaining 
supernat e .r sediment 

None 

Once with’l g 

Twice with lg 
(X) FThrice with 1 8 

(X) $. once with 0.25 

(X) 3. twice with 0.25 

(X) + thrice with 0.25 

-- 
very dark brown 

brown 

light brown 

almost colorless 

almost colorless 

almost colorless 

1.00 

1.23 

1.23 

1.19 

1.02 

1.02 

1.02 

*5-+ml sliauots were used-in each washing. 
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Extraction of Urease from t h e  Cleaned Sediment 

Two-ml al iquots  of t he  o r ig ina l  sediments were placed i n  4 centr i -  

fuge tubes.  To each tube was  added a 4-ml a l iquot  of 1 g N a  phosphate 

buffer  a t  pH 6.5 and, after mixing for 1 0  minutes, t h e  tubes were 

centrifuged. The supernatants were discarded. The process was repeated 

4 times following which one of t h e  following reagents was added: 

Tube a. 1 N a  phosphate pH 5.0,  4 m l  

Tube b.  1 N a  phosphate pH 8 , 0 ,  4 ml 

Tube c.  40% ammonium sulfate so lu t ion ,  4 ml 

The tubes were shaken and centrifuged and t h e  supernatants were col lected 

and d i a l i zed  against  0 .1  N a  phosphate buffer  (pH 7.0) overnight i n  a 

cold room. Urease a c t i v i t y  i n  these  supernates w a s  measured, When it 

w a s  rea l ized  that  t h e  phosphate buf fer  at  pH 8.0 w a s  t h e  bes t  extractant  

(second column i n  Table 5 ) ,  the  remaining sediments were fur ther  extracted 

with t h i s  solut ion ( t h i r d  column i n  Table 5 ) .  

sediments w a s  determined by standard procedure, 

observed increase i n  t h e i r  a c t i v i t y  (Table 6 ) ,  t h e  ac tua l  percentages 

of extract ion were recalculated.  

Act ivi ty  i n  t h e  remaining 

Because of t he  

It may not be appropriate t o  make t h e  following quant i ta t ive 

assessment of t h e  amount of enzyme extracted from t h e  s o i l  by t h e  method 

described s ince t h e  y i e ld  has ye t  t o  be maximized, But a t  t h i s  s tage ,  

and so le ly  on t h e  bas i s  of enzyme a c t i v i t y ,  t h e  following may be 

a r b i t r a r i l y  s t a t ed .  When cysteine w a s  added, urease a c t i v i t y  i n  t h e  

25 l i t e r s  of f i l t r a t e  IV amounts t o  11% of t h e  o r ig ina l  a c t i v i t y  i n  s o i l ,  
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Table 5 

The r e l a t i v e  effect iveness  of  various ex t rac tan ts  t o  re lease  
t h e  enzyme from the  sediment. 

h 

I 

Treatment * 
Act iv i ty  i n  t h e  extract*# 

F i r s t  Second 

1.8 

17.5 

3.4 

11 

34 

20 

*See t e x t .  

**Percentage of i n i t i a l  a c t i v i t y  i n  t h e  sediment, .  
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Table 6 

Total  enzyme released a f t e r  t h e  two successive extract ions 
reported i n  Table 5. 

% increase i n  
a c t i v i t y  of 

Treatment t he  sediment * % extracted** 

243 

227 

200 

5.0 

18.4 

10.5 

* Over t h e  i n i t i a l  a c t i v i t y  of the sediment before treatment. 

**Sum of t h e  respect ive two values i n  Table 5 corrected for 
t h e  concomitent increase of sediment's a c t i v i t y  tabulated 
above, 



-22- 

Using t h e  proportions i n  Table 1 and assuming t h a t  t h e  other f i l t ra tes  

behave s imi la r ly  ( they  have yet  t o  be invest igated by t h i s  method) 

t h e  t o t a l  percentage extracted should be double t h a t  f igure ,  

Urease Act ivi ty  and Microbial Counts 

There exists a d e f i n i t e  quantity of nat ive wease i n  t h e  s o i l  i n  

addi t ion t o  t h a t  pertaining t o  microbial growth. Figure 5 shows t h i s  

c l ea r ly  and supplements data  i n  a preceding repor t .  The previous data  

per ta in  t o  t o t a l  numbers of microorganisms and not t o  ureo ly t ic  species 

as was mistakenly wri t ten.  

4 

The t o t a l  number of microorganisms was 
2 evaluated by t h e  di lut ion-plate  method with s o i l  ex t rac t  agar,  The 

number of ureo ly t ic  organisms was obtained using urea as t h e  so le  

source of carbon and nitrogen by a procedure given by Paulson and 

Kurtz. 7 
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SUMMARY OF UREASE EXTRACTION FROM DUBLIN SOIL 

BY THE UREA-SALT COMBINATION 

1, A urease-active organic f rac t ion  can be detached from Dublin s o i l  

by a solut ion of 2 

o r  phosphate a t  pH 7.0.  

urea and 4 - M N a C l  buffered with e i t h e r  T r i s  

2, Subsequent ex t rac t ion  of t he  once-treated s o i l  with buf fer  alone 

br ings t h e  detached organic matter in to  solut ion i n  successive 

s tages ,  especial ly  when a more d i l u t e  buf fer  i s  used. 

3. Clay can be removed from these f r ac t ions  by f i l t r a t i o n  of t h e  

ex t rac ts  through candles and t h e  urea and sal t  can bearemoved by 

d i a l y s i s ,  

4. Addition of cysteine t o  the  f i l t ra tes  enhances enzymatic a c t i v i t y ,  

5. Extensive d i a lys i s  against  running t a p  water r e s u l t s  i n  prec ip i ta t ion  

of a dark sediment possessing high urease a c t i v i t y .  

6 ,  From t h i s  sediment almost all t h e  dark material can be removed 

through repeated washing with a solut ion of 1% N a  c i t r a t e -  

phosphate buffered a t  pH 6.5.  
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7 .  A portion of the enzyme i n  t h i s  cleaned sediment can be 

released w i t h  e i t h e r  1 

a 40% ammonium s u l f a t e  solut ion.  

Na phosphate so lu t ion  a t  pX 8.0 or  with 
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2. Concerning t h e  Origin,  Location and Persistence of S o i l  Urease 

Introduction 

Most of t h e  bas ic  problems concerning t h e  or ig in ,  loca t ion  and pers is-  

tence of s o i l  enzymes remain unsolved. For example, enzymes i n  s o i l  are 

generally more r e s i s t e n t  t o  breakdown by other proteinases than those i n  

v i t ro .  

and external  adsorption onto clay co l lo ids  (Ensminger and Gieseking 1942; 

Pinck, Dyal and Allison 1954) or t o  t h e  formation of r e s i s t e n t  enzyme- 

organic matter complexes ( Conrad 1940 ; McLaren 1963). 

t h e  high a f f i n i t y  between col loids  and urease has lead  t o  t h e  suggestion 

t h a t  adsorption can protect  t h i s  enzyme from breakdown i n  s p i l  (Durand 

1964 and 1965). 

This pers is tence of enzymes has been a t t r i bu ted  t o  e i t h e r  i n t e r n a l  

Spec i f ica l ly ,  

Addition of urease t o  s o i l  increases urea hydrolysis only temporarily 

(Conrad 1940; Moe 1967; Stojanovic 1959; Roberge 1970) 

t h a t  e i t h e r  t h e  added urease i s  inact ivated by proteolysis  or by adsorp- 

t ion .  

"his suggests 

I n  e i the r  case t h e  presence of a constant background l e v e l  of enzyme 

a c t i v i t y  i n  s o i l ,  independent of microbial p ro l i f e ra t ion ,  indicates  t h a t  

some pro tec t ive  yet uninhibit ing mechanism i s  extant (Paulson and Kurtz 

1969). 

decades, and cor re la tes  b e t t e r  with organic matter contents than with 

numbers of microbes (Skujins and McLaren 1969) e 

I n  f a c t ,  urease a c t i v i t y  has been detected i n  s o i l s  s tored  f o r  
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Herein we i l l u c i d a t e  t h e  locat ion of some of t he  urease a c t i v i t y  i n  

a s o i l  and suggest a reason f o r  i t s  pers is tence along t h e  l i n e s  indicated 

by t h e  pioneer e f f o r t  of Conrad. 

Materials and Methods 

- i S o i l  

A Dublin loam s o i l  with t h e  following charac te r i s t ics  w a s  used: 

sand 24%, s i l t  35%, clay 41%, organic matter 2.9% and a pH of 7.2. In  

experiments with s o i l  suspensions t h e  sand f r ac t ion  w a s  allowed t o  

sediment out before use. Consequently 1 m l  of t h e  res idua l  suspension 

contained 0.035 g s i l t ,  0.04L g clay and 0.00292 g organic matter. 

- ii Measurement of Enzyme Activi ty  

S o i l  urease,  commercial urease,  and pronase (from Streptomyces 

g r i seus )  a c t i v i t i e s  were determined by ammonia production using urea and 

benzoyl arginine amide respect ively as subs t ra tes ,  i n  a modified Conway 

d i f fus ion  dish (Obrink 1955), as de ta i l ed  by McLaren, Reshetko and Huber 

(1957). 

Corporation and t h e  B-grade pronase was  purchased from Calbiochem. 

l a t t e r  i s  known t o  contain several  enzymes (Nomoto, Narahasi and Murakami 

The 3XN.F urease was purchased from Nutr i t iona l  Biochemical 

The 

1960). 

- iii Organic Matter Extraction 

Urea - Although concentrated urea i s  a denaturating agent for 

enzymes, it can be used t o  ex t rac t  organic matter from s o i l  (Barker, 

Hayes, Simmonds and Stacy 1967) e Since enzyme denaturation by urea i s  
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supressed by high salt  concentration (Malhorta and Rani 1969) , t he  following 

extract ion procedure w a s  developed ( E l  Sayed and McLaren 1970). S o i l ,  

200 g ,  i s  suspended i n  one l i t e r  of aqueous urea (2M) and sodium chloride 

( 4 M )  buffered a t  pH 7.0 with 0.25M sodium phosphate and 1 g of EDTA. 

Mercaptoethanol, 1 ml, i s  added s ince s o i l  ureases may be SH-enzymes 

(Skujins and McLaren 1968) 

f o r  four  hours and then centrifuged t o  co l lec t  t h e  f i rs t  ex t rac t .  

Sedimented material i s  extracted a second t i m e  with a l i t e r  of  0.25M 

sodium phosphate buf fer  at pH 7 . 0 ,  a t h i r d  t i m e  with a l i t e r  of 0.05M 

sodium phosphate, and f i n a l l y  with t w o  l i t e r s  of  buffer .  The ex t r ac t s ,  

successively darker i n  colour, are  each subjected t o  d i a lys i s  under 

running w a t e r  i n  a r e f r ige ra to r  for 96 hours. 

The suspension i s  shaken under r e f r ige ra t ion  

Sonication - Methods of separating s o i l  f rac t ions  by sonication 

have been used frequently i n  recent years (Felbeck 1959; Halstead, 

Anderson and Scott  1966; Edwards and Bremner 1967; Burns and Audus 1970). 

Hence an attempt w a s  made t o  separate enzyme-active organic material 

from s o i l  following treatment with a Circo 60 w a t t  u l t rasonic  generator. 

Dublin s o i l ,  50 g ,  suspended i n  500 m l  of water,  was  subjected t o  *four 

hours sonication. The resu l t ing  suspension was centrifuged at  14,000 g 

and the  golden-brown supernatant s o l  w a s  t e s t e d  f o r  urease ac t iv i ty .  

- i v  Preparation of a Bentonite-Urease Complex (BUC) 

One ml of urease a t  pH 7.0 was  added t o  0 .1  g of bentoni te  clay 

(0.005 or 0.01 g of enzyme per 1 g c lay)  i n  t h e  outer d i f fus ion  chamber of 

a Conway dish. A f t e r  s ix  hours, maximum expansion of t h e  l a t t i c e s  w a s  
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considered t o  be complete (Estermann, Peterson and McLaren 1959) and 

t h e  urease a c t i v i t y  of BUC was tested as described above (ii) - . 
s t a b i l i t y  of BUC toward proteolysis  was a l so  t e s t e d  following the  

addition of 1 ml of a 500 ppm pronase solut ion with an allowance of 

twelve hours f o r  reaction. 

The 

- v Preparation of a Bentonite-Urease-Lignin Complex (BULC) 

Urease, 10  ml, was added t o  5 g of bentoni te  (0.001 g of enzyme 

A f t e r  allowing s i x  hours f o r  adsorption t o  take  place,  1 0  per 1 g c lay) .  

m l  of l i g n i n  (Estermann, -- e t  a l ,  1959) w a s  added (0 .01  g l i gn in  per 1 g 

clay)  and t h e  r e su l t i ng  complex was mixed thoroughly i n t o  a paste.  

paste  w a s  allowed t o  dry a t  room temperature f o r  72 hours and then ground 

t o  a f ine  powder. 

urease ac t iv i ty .  

This 

The procedure as used i n  Z w a s  followed f o r  estimating 

Preparations of bentonite-urease, bentonite-l ignin and 

bentonite-water were used as controls .  

Results 

- i Action of Pronase on Commercial Urease Activity 

Table 1 shows t h e  l o s s  i n  urease a c t i v i t y  caused by t h e  addition 

of an equal concentration (500 ppm) of pronase. 

t o  reac t  i n  pH 7.0 buffer  f o r  20 hours i n  a constant temperature water bath 

a t  37'C. The results a re  corrected f o r  controls and ind ica te  t h a t  t h e  

pro teo ly t ic  enzyme pronase i s  very ac t ive  i n  inac t iva t ing  urease. 

The components were allowed 
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- ii The Effect of Pronase on S o i l  Urease Act ivi ty  

In  order t o  discover i f  very high proportions of pro teo ly t ic  

enzyme would inac t iva te  s o i l  urease, when incubated at 37'C f o r  24 hours, 

two weight r a t i o s  of pronase t o  organic matter were used: 

0.7 :1 (Ladd and Brisbane, 1967, used 1 :2.4-1: 24 i n  t h e i r  experiments) a 

The results, i n  Table 2 ,  show t h a t  a t  both pronase concentrations s o i l  

urease a c t i v i t y  i s  unimpeded. 

3.3:l and 

S o i l  and pronase (1 pronase : 30 organic matter)  were allowed 

t o  react at 37'C fo r  24 and 336 hours, after which t i m e s  urease a c t i v i t y  

w a s  measured. Clearly urease a c t i v i t y  i n  s o i l  i s  r e s i s t e n t  t o  pronase 

with any time of exposure, s ince results predicted on the  bas i s  of no 

a c t i v i t y  were observed (Table 3 ) .  

- iii Persistence of Pronase i n  S o i l  

I n  order t o  measure t h e  pers is tence of pronase added t o  s o i l  

5 d of s o i l  suspension (0.3946 g s o i l )  and 1 d of pronase (o.OOO~ g 

enzyme) were incubated together a t  37'C. 0.3M benzoylargenine amide 

(BAA) w a s  added t o  1 m l  samples ,and t h e  subsequent release of ammonia 

used as a measure of  pronase a c t i v i t y ,  The r e s u l t s  are represented 

graphical ly  i n  Fig. 1. 

three portions:  

The t o t a l  ammonia released appears t o  consis t  of 

that re leased by the breakdown of pronase, probably by 

s o i l  enzymes (I) ;  t h a t  from the e f f ec t  of pronase on nitrogen-containing 

subs t ra tes  already present i n  s o i l  (XI), and ammonia produced as pronase 

r eac t s  w i t h  BAA added t o  s o i l  (111) The first two a re  inseperable 

under the conditions of t h i s  experiment and are grouped together as 
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ammonia from pronase. 

11) exhib i t s  a d i s t i n c t  l a g  period during t h e  f i r s t  six hours of 

incubation. This l a g  may represent m o n i a  production by microbial 

enzyme breakdown of pronase, but note evidence of a short  l a g  i n  ammonia 

production i n  t h e  pronase-BAA component (111), which i s  contrary t o  t h i s  

The r a t e  of ammonia production by pronase ( I  and 

explanation. 

a c t i v i t y  i s  nearly constant from between 1 and 4 days, i . e .  , it i s  ac t ive  

In any case,  t h e  da%a i n  t h i s  f igure  reveal t h a t  pronase 

and present and could ac t  on s o i l  urease i f  t h e  urease were not protected 

(c f .  & above). 

- i v  Act ivi ty  of Urease,Added t o  S o i l  

Length of pronase treatment - A 10 m l  suspension of s o i l  

(0.7892 g)  and 10  m l  urease (500 ppm buffered at  pH 7 .0 )  was allowed t o  

incubate f o r  24 hours. 

exposure t o  500 ppm pronase i s  shown i n  Figure 2. It can be seen t h a t  

addi t ional  urease applied t o  s o i l  w a s  not protected from pronase at tack.  

The base l e v e l  of s o i l  urease a c t i v i t y  w a s  unaffected by pronase. 

The reduction i n  a c t i v i t y  due t o  subsequent 

Length of adsorption t i m e  - S o i l  suspensions and urease*(  see 

- i v )  were mixed and allowed t o  reac t  f o r  t i m e s  ranging from o t o  120 

hours and then subjected t o  a s i x  hour pronase treatment (500 ppm). 

Figure 3 shows t h a t  a la rge  addi t ional  reduction i n  urease a c t i v i t y  i s  

caused by pronase regardless  of the  pre-incubation time and t h a t  t h e  

bas ic  s o i l  urease l e v e l  was  unaffected. 

treatment,  a control ,  shows an i n i t i a l  high a c t i v i t y  but indigenous 

pro teo ly t ic  enzyme a c t i v i t y  suon reduces t h e  amount of a c t i v i t y  t o  t h a t  of 

t h e  untreated soil, 

The soil plus urease sans pronase 
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- v Act ivi ty  of Extracted Organic Matter 

Organic matter extracted by both t h e  ure method and by 

sonication showed enzyme ac t iv i ty .  By X-ray analyses it w a s  found t h a t  

t h e  urea ex t rac t  was devoid of clays whereas t h e  sonicated sample had a 

high clay content. Although urease a c t i v i t y  w a s  higher i n  t h e  urea 

ex t rac t  than i n  t h e  sonicated ex t r ac t ,  urease a c t i v i t y  i n  both was  

r e s i s t a n t  t o  a t tack  by pronase (Table 4). 

- v i  S t a b i l i t y  of t h e  Bentonite-Urease Complex (BUC) i n  t h e  presence 
of Pronase 

A twelve hour exposure of BUC t o  pronase grea t ly  reduced 

urease a c t i v i t y ,  Table 5. Note t h a t  BUC ac tua l ly  exhibited grea te r  

a c t i v i t y  than urease alone. 

- v i i  S t a b i l i t y  of  t h e  Bentonite-Urease-Lignin Complex (BULC) 

Table 6 shows an overa l l  reduction i n  urease a c t i v i t y  following 

addi t ion of l i gn in  t o  t h e  BUC but no fur ther  reduction occurred on exposure 

t o  pronase. 

urease a c t i v i t y  upon addi t ion of pronase. 

The controls  (BUC) , c f .  - i, exhibited a marked reduction i n  

Discussion 

The pro teo ly t ic  enzyme m i x t u r e  (from Streptomyces griseus ) "pronase" 

i s  very ac t ive  i n  t h e  breakdown of Jackbean urease and other  proteins .  

We would therefore  expect pronase t o  hydrolyse s o i l  p ro te ins ,  including 

urease unless some mechanisms for "protection" of  s o i l  proteins  are extant ,  
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Clearly,  i n  s o i l  pronase does not deact ivate  urease ac t iv i ty ,  regardless 

of the  concentration or t i m e  of contact. It i s  therefore  evident t h a t  

urease i s  shielded f romthe  normal pro teo ly t ic  e f f ec t s  of pronase. It 

i s  a l so  obvious t h a t  t h i s  protect ive mechanism does not prevent soil- 

urease - urea in te rac t ion .  

Pronase added t o  s o i l  i s  not s t a b l e ,  but i t s  a c t i v i t y  i s  pe r s i s t en t  

enough t o  a t tack  s o i l  urease i f  the  enzymes could combine. On t h e  other  

hand, urease added t o  s o i l  i s  not r e s i s t a n t  t o  pro teo ly t ic  a t tack  by 

e i the r  s o i l  enzymes or added pronase and therefore  increases i n  urea 

turnover a re  not prolonged. This lack  of res i s tance  i s  i n  pa r t  due t o  

proteolysis  by s o i l  proteases but  i s  enhanced by subjecting t h e  s o i l  t o  

pronase treatment. 

The organic matter extracted by t h e  urea method w a s  f r e e  of clays 

and ye t  showed a urease a c t i v i t y  r e s i s t a n t  t o  pronase. This indicates  

t h a t  urease, i n  t h i s  instance,  i s  primarily associated with t h e  s o i l  

organic matter and not with t h e  clay co l lo ids ,  

showed a urease a c t i v i t y  r e s i s t an t  t o  pronase and the  r e s u l t s  obtained by 

Sonicated ex t rac ts  a l so  

the two methods ind ica te  t h a t  clays (present i n  t h e  sonicated ex t r ac t )  

are not required for protect ion of urease a c t i v i t y  from pronase. 

I n  f a c t ,  bentoni te  clay alone does not protect  Jackbean urease 

from pronase. The observation t h a t  t h i s  urease a c t i v i t y  w a s  increased 

by bentoni te  i s  contrary t o  many reports  indicat ing a reduction i n  enzyme 

a c t i v i t y  upon adsorption (Durand 1964; Paulson and Kurtz 1970). 

this s tage  it i s  d i f f i c u l t  t o  explain this  observation and, as it i s  out- 

s ide  t h e  main l i n e  of the present invest igat ion,  it i s  su f f i ce  t o  mention 

A t  
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tha t  t h i s  urease may d issoc ia te  upon adsorption and t h i s  could expose 

many more act ive sites than present i n  polymeric form i n  solut ion 

(Rei thel  and Robbins 1967). 

Addition of a l i g n i n  t o  the  bentonite-urease complex affords 

protect ion t o  urease from pronase a t tack .  All of our results with s o i l s  

and models suggest t h a t  enzymes ex i s t  i n  s o i l  as enzyme-organic matter 

complexes. This  associat ion protects  t h e  enzyme from a t tack  by other 

enzymes and ye t  allows diffusion of subs t ra te  and product molecules t o  

and from t h e  ac t ive  enzyme s i t e s ,  I n  the  s o i l  t h e  co l lo ida l  organic 

matter i s  associated with minerals and it has been suggested t h a t  t h e  

enzymes a re  s i t ua t ed  within t h a t  organic matter per se (McLaren 1963, 1970). 

The nature of t h i s  associat ion i s  represented schematically i n  Fig. 4. 

Evidence from t h e  non-persistence of urease added t o  s o i l ,  the  bentonite- 

urease mixture, and t h e  persistence of t h i s  enzyme i n  s o i l  and i n  a 

bentonite-urease-lignin complex suggests that  f o r  an enzyme t o  be 

pe r s i s t en t  i n  s o i l  it needs t o  be incorporated i n t o  t h e  organo-mineral. 

complex. Presumably, as t h e  enzymes a re  l i be ra t ed  during digestion of 

plant  roo t s ,  microorganisms, e t c . ,  they a re  incorporated i n t o  t h e  s o i l  

organic matter undergoing simultaneous synthesis (Konanova 1961) e 

Synthetic high polymer-enzyme systems are  wel l  known and have similar 

propert ies  (McLaren 1970). 

This hypothesis goes some way towards explaining t h e  s i t e  and persis tence 

of enzyme a c t i v i t y  i n  s o i l  whils t  t h e  authors realise t h a t  a considerable 

amount of ephemeral enzyme a c t i v i t y  may be due t o  f r e e ,  unassociated enzymes 

i n  s o i l  (Briggs and Spedding 1963). 
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Table 1 

The a c t i v i t y  of pronase and non-pronase treated urease i n  v i t r o .  

Urease + Urea Urease + Pronase + Urea 
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0.7:1 0.12 0.25 0.16 0.27 0.29 

Table 2 

The e f f ec t  of pronase on s o i l  UY‘ease a c t i v i t y  

* A + ( B  - A)  -k (C - A )  = D = D Expected if there i s  no reduction i n  
urease a c t i v i t y  due t o  addition of pronase. 
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Table 3 1 

The e f f e c t  of  length of pronase treatment on s o i l  urease a c t i v i t y  

24 

336 

1-1 moles NH3 / g / hour 



Table 4 

Urease a c t i v i t y  and i t s  pers is tence i n  s o i l  ex t rac ts  

I 

1-1 moles l!JH3 / hour 

Treatment Sonicated Extract Urea Extract  

Extract  /Pronas e/Urea 

Extract/Urea 

1.98 

1.46 

1.46 

0.32 

Extract/Pronase 1.14 0.36 



Table 5 

Stability of the bentonite-urease complex 

1-1 noles NH3 / hour 
I 

No Pronase Pronase 



Table 6 

B 

0.60 

S t a b i l i t y  of  t h e  bentonite-urease-lignin complex 

Pronase 

BULC BUC BL 

1.60 3.76 L O O  

1-1 moles NH3 / hour 
f 

No Pronase 

lo2O I g*04  I 

B =  
u =  
L -  
C =  

Bentonit e 
Urease 
Lignin 
Complex 

BL 

0.64 
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3 4 ,  PHOSPHATASE ACTIVITY OF DU3LIlX SOTL 

T h i s  report  co-xtinues an Snvestigation of the 

cha rac t e r i s t i c s  of phosphatase a c t i v i t y  of Dublin s o i l ,  

The va r i a t ion  in  the  phosphatase a c t i v i t y  of the  s o i l  

w i t h  subs t ra te  concentration axid with pN was determined, 

In aadft ion,  columns of s o i l  crumbs were perfused with 

solut;f;ons of  subs t ra te  and the  va r i a t ion  i n  the r a t e  of 

of react ion wi th  subs t ra te  concentration and w i t h  flow 

r a t e  was determined, The re la t ionship  between the  r a t e  

of the  phosphatase react&on and the  subs t ra te  concentration 

for the  s o i l  a.nd f o r  the  column of crumbs i s  discussed, 

Materials and methods 

Substrate 

Disodium para-nitrophenol phosphate (Calbiochem, 

Los h g e l e s )  was used as subs t ra te ,  

S o i l  columns 

The colurnns of s o i l  crumbs were prepared as before ( 3 )  

except t h a t  t h e  columns were prepared i n  0.01 M sodium maleate 

buffer  p~ 6.90 and the  g lass  columns which held: he crumbs 

were placed i n  a jacket tbr ugh which water a t  25.0 

was c i r cu la t ed  during preparation of the  colmm and cfuring 

perfusion, 

Determination of pH 

ReactSon mixtures were prepared and t r e a t e d  exactly 

a8 for  t he  dete Snatlon of phosphatase a c t i v i t y ,  

f t e r  the  incubation period the  tubes were shaken vigorously, 



the contents poured Into a small beaker, and t h e  pH of 

the mixtures was measured lmmedlately on a Beckman 

Zesomatlc pf4 Eater, Model 96, 

Other materials and methods as before ( 3 ) .  



Results 

A, PhosphaLase a c t i v i t y  of New Dublin s o i l  a t  d i f f e ren t  
concentrations of, subs t ra te  

The phosphatase a c t i v i t y  of Eew Dublfn s o i l  was 

determined atb.arious concentrations of subs t ra te  . 
The procedure used was t h a t  for the  detemnination o f  the  

a c t i v i t y  o f  t h e  s o i l  i n  suspension (31 ,  The reactaon mfxtures 

contained 1.0 gm s o i l ,  0.80 t o  24 mtcromoles o f  subs t ra te ,  

2.0 r n l  of  0.04 M sodium maleate buffer  pH 6.88, and 

d i s t i l l e d  water t o  8.0 ml, i n  screw-capped tubes. 

the react ion mixtures was 6.90, The react ion was allowed 

t o  proceed 1.0 h r  a t  25.0 OC w i t h  end-over-end ag i t a t ion  

of  the tubes, A l l  tubes were prepared In duplicate and 

The pH of 

the phosphatase a c t i v i t y  was expressed as the  average of 

the duplicate samples. The r e s u l t s  of  t he  experiment are 

shown i n  Figure 1. 

In Figure 1 t he  phosphatase actfevity of Eew Dubl9n 

s o i l  is p lo t ted  against  t he  subs t ra te  concentration in the 

react ion tubes, The data show t h a t  t h e  activZty of  t he  so91 

increased wi th  increasing subs t ra te  concentration, appearing 

t o  approach a constant value a t  subs t ra te  concen@rat%ons 

somewhat higher than 3.00 x I O w 3  M, A t  a subs t ra te  

concentration of 3,OO x loa3 Ivl the  phosphatase a c t i v  

o f  the s o i l  was 1,44 mlcrornoles/gm/hr, 

Under the  conditions of t h e  experiment, the phosphatase 

a c t i v i t y  of' New Dublin s o i l  became relativeLy independent 

of subs t ra te  concentration a t  a concentration of  3.00 x 10-3 M, 
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It was decided, therefore ,  t o  adopt the conditions 

i n  t h i s  experiment, and a substrate  concentration of 

3000 x M as standards under which the  phosphatase 

a c t i v i t y  of Hew Dublin s o i l  i n  suspens?ion would be determfned, 

B, Phosphatase a c t i v i t y  of  New Dublin s o l 1  under 
standard cozditions 

Tho phosphatase a c t i v i t y  of Kew Dublin s o i l  i n  

suspension was determined under the standard conditions 

described above (section A) ,  Twelve 1.0 gin samples of 

s o i l  were analyzed in  five separate experinents 

The r e s u l t s  o f  the  experiments are shown i n  Table 1. 

Table 1. Phosphatase a c t i v i t y  of New Dublin soil , 

i n  suspension 

phosphatase average average deviation 
activity from, mean 

Expt 0 umols s/gm/hr umoles/ga/hr 

1 

2 

3 

4 

5 

1*35 
1.39 

1,32 
11.41 

1.35 
1.41 

1 e45 

1.37 

l e 3 7  

1.38 

5.41 



The average a c t i v i t y  of the twelve samples was 

1.40 mlcrornoles/gm/hr and the average deviation was 

0.04 micromoles/gm/hr, 

from t x  samples of s o i l  appears t o  provilde a su f f f c i en t ly  

accurate measure o f  the  a c t i v i t y  of %he soil, within 

The average value for a c t i v f t y  

the experimental va r i a t ion  for t h e  twelve samples. 

C. Reaction controls  in  the  determination of phosphatase 
a c t i v i t y  o f  New Dublin solel i n  suspension 

The a c t i v i t y  occuring i n  two controls  for the  

determination of  the phosphatase a c t i v i t y  of  Eew Dublin 

s o i l  was determined. In the ffrst  control,  the  phosphatase 

a c t i v i t y  was measured i n  samples t o  whbbh a l k a l i  had been 

added t o  s t o p  the reaction. In the  second control,  t he  

phosphatase act3vity of  autoclaved soil. w a s  determined, 

The phosphatase a c t i v i t y  was determined using the standard 

conditions described previously ( sec t ion  A)  but wi th  the  

followIn$ modifications : 

1. Activity o f  a lkal ized samples on s t a n d u g  

Two s e t s  of tubes were run simultaneously. Each s e t  

contained the  r eac t  on mixtures and the  controls 

In quadruplicate. After the one-hour Incubation 
.. 

period the react ion was stopped i n  tubes by 

adding 2,O m3. of 0,5 M aOK,  One s e t  of  tubes 

was analyzed immediately; the  other  s e t  w a s  

analyzed a f t e r  standing undisturbed a t  25,O 

f o r  four hours, The phosphatase a c t i v i t y  o f  

each s e t  1s expressed as t h e  average of the 



quadrupllcate saaples, 

11. Activity of  autoclaved sofl:! 

Sefore adding the  other reagents, the  s o i l  i n  

the  tubes w a s  spread the  length of the tube 

and the tubes were auS,oclaved 3*0 h r  at 122 OC. 

The tubes were prepared in  t r i p l i c a t e  and the  

phosphatase act iv%ty is  expressed as t h e  average 

of  the  t r i p l i c a t e  samples. 

The r e s u l t s  of the  two experiments a re  shown i n  Table 2, 
” 

Table 2. Phosphatase a c t i v i t y  i n  react ion controls. 

treatment 

average 
phosphatase a c t i v i t y  
m o l e  s/gm/hr 

analyzed immediately 
analyzed a f t e r  four hours 

autoclaved s o i l  

1.41 d=0.03 
1.44%0.04 

0.0 I 0 f 0.007 

pn the  samples analyzed %media te ly  the  average 

a c t i v i t y  was 1.41 mlcromoles/gm/hr w i t h  an average deviatlon 

of 0.03 micromoles/gm/hr, Jn t h e  Lubes analyzed a f t e r  

standing four hours the  average a c t i v i t y  was 1,M 

micromoles/gm/hr w i t h  an average deviation of 0.04 

micromoles/gm/hr, 

a lkal ized samples was therefore  (1,44 - 1,41)/4 z 

0,0075 micromoles/gm/hr, 

The a c t i v i t y  %ha t  occurred i n  the 

In the  usual  deLermfnations of phosphatase a c t i v i t y  

the samples a r e  analyzed l e s s  than an hour a f t e r  stopping 

the react ion,  The average deviation i he measured values 



of a c t i v i t y  of New Dublin s o i l  I s  0,04 micromoles/gm/hr, 

Since 0,0075 micromoles/grn/hr i s  l e s s  than 0.04 micromoles/ 

gm/hr, the a c t i v l t y  t h a t  occurs In t h e  a lkal ized samples 

is  negl igible  compared to the  var ia t ions  in  values 

normally encountered f o r  t he  ac t fv l ty  of Mew Dublin s o i l ,  

and s o  no e r r o r  i s  Introduced i n t o  the  value for a c t i v i t y  

by a c t i v i t y  occuring in  t h e  react ion tubes a f t e r  the 

react ion has been stopped, 

For t h e  second control ,  t h e  data indicate  t h a t  

autoclaving the  s o i l  almost completely destroyed t h e  

phosphatase a c t i v i t y  of t h e  soil (Table 2). 

The a c t i v i t y  of the  autoclaved s o i l  was 0.010 micromoles/ 

gm/hrs a value which i s  l e s s  than 1% of the  a c t i v i t y  of  

t h e  s o i l  no t  autoclaved. The r e s u l t s  Inditeate t h a t  t h e  

phosphatase a c t i v i t y  of t h e  s o l 1  resldes  i n  a heat- labi le  

par t  of the  s o i l  organic matter rather than In  t h e  ho rgan io  

mater ia l  s lnce the  heat  treatment would not  appreciab 

a l te r  the  propert ies  of t h i s  la t ter  fract ion.  

The phosphatase actttvfty o f  a sample of a d i f f e ren t  

Dublin so93 w a s  also reduced t o  l e s s  than 1% by auto- 

claving three  hours, In  a previous experiment (1), 

D, Phospha%ase a c t i v i t y  of Hew Dublin s o f l  a t  various 
pH values. 

The phosphatase actiivlty of New Dublin s o i l  a t  various 

pH values was determined, The procedure for the  determlnatlon 

of the a c t i v i t y  o f  t h e  s o l 1  i n  suspension was followed ( 



En place of the  sodium maleate buffer ,  4,O ml. o f  0,10 M 

buffer  of the appropriate compound w a s  used, Xn some 

cases O e 1  M H C l  o r  NaQH was added t o  bring t h e  pS of the 

react ion mixtures and controls t o  t h e  desired value, 

The buffers  were prepared as 0 , I O  M stock solutions by 

neut ra l iza t ion  with N C l  o r  RaOH ( B  (II), MOPS buffer 

was M-morphofino propane sulfonic ac id  obtained from 

Calbiochem, Los Angeles. The pka of  t h i s  compound is 

7.2. The concentration of substrate  i n  the react ion 

tubes was 3,OO x I O u 3  Ne 

proceed 1,O h r  a t  25.0 '0 wi th  end-over-end ag i ta t ion ,  

The react ion was siopped by t h e  additfon of 2.0 ml of 

I , O  M MaOH. A l l  samples were prepared in d u p l k a t e  and 

values f o r  a c t i v i t y  and pH are expressed as t h e  average 

of  duplicate tubes. The r e s u l t s  of  the  experiment are 

shown i n  Figure 2. 

The reac t ion  was allowed t o  

In Figure 2 t h e  phosphatase a c t i v i t y  of New Dublln 

s o i l  is plo t ted  against  t h e  pH value of  i h e  react ion 

mixture, The da ta  show t h a t  a c t i v i t y  5s detectable from 

pS 2,O t o  11 .O, There is a peak i n  a c t i v i t y  a t  a pH 

value of about 7.2 in Om05 M MOP'S buffer.  Above and 

below thifs pW value the  a c t i v i t y  decreases. There is a 

  shoulder^* in a c t i v i t y  around pH 4,5, 

The a c t i v i t y  at  the sitme pK value using df f fe ren t  

buffer compounds 5s not  necessarfly the  same, For example 

pH 7.0 the phosphatase a c t i v i t y  of gew Dublin s o i l  is  

1.54 micromoles/@;m/hr i n  0,05 M NIQPS buffer but I 035 

micromobes/gm/hr i n  0,05 14 maleaee buffer,  It appears 





t h a t  t he  d i f f e ren t  buffer  compounds ac t iva t e  or i nh ib i t  

the phosphatase reaction, 

Buffers o f  c i t r h c  acfd were not used because it was 

found t h a t  these buffers  extracted much colored matter 

from the  s o i l ,  reducing the  s e n s i t i v i t y  o f  the colorimetric 

determination of  t h e  product ,of the  phosphatase reaction, 

The substrate  appeared t o  be s t ab le  in  the  various 

buffer solut ions over a pH range o f  1.8 t o  11,O; no 

va r i a t ion  i n  hydro lys i s  w i t h  pH was observed, 23 addltion, 

the subs t ra te  appeared t o  be s t ab le  i n  a lkal i ,  The op t i ca l  

density of the  a lka l ized  subs t ra te  controls  t h a t  had s tood 

f o r  four hours  a t  25.0 OC i n  t he  previous experiment 

( sec t ion  C) w a s  the  same as t h a t  i n  the controls  t h a t  had 

been analyzed immedlately a f t e r  the incubation period. 

The concentration of alkalf f n  the cont ro l  tubes was 
about 0,2 M NaOH. 

E, Relationshfp between reac t ion  r a t e  for phosphatase 
a c t i v i t y  and subs t ra te  concentration for New Dublin 
s o i l ,  

The re la t fonship  between the  reac t ion  r a t e  for 

phosphatase a c t i v i t y  of New Dublin s o i l  I n  suspension. 

and the  subs t ra te  concentraMon was investigated,  

The phosphatase a c t i v i t y  of Bew Dublin soil fn suspension 

was determined at  various concentrations of subs t ra te  from 

1.00 x IOe4 M t o  3.00 x IOa3 14, 

were buffered a t  pH 6,90 by 0,OI M sodium maleate buffer,  

The react ion mixtures 

The reac t ion  w a s  allowed t o  proceed f o r  1,O h r  at 25,O OC, 



wlth end-over-end agitation of the tubes, All tubes wepe 

prepared in quadrupllcate &n& the values for the concentration 

of product in t h e  reacllon tubes were expressed as the 

average of the quadruplicate samples e 

The results of the experiment are shown in Figure 3. 

In Figure 3 the. concentration of product, 35, was plotted 

against log So/(So,-P) where So is %he substrate concentration, 

as described prevlously ( 3 ) .  

The curve relatlng the product concentration, P, to 

log S o / (  So-P) was linear for substrate concentrations from 

1.00 x loe4 M to 7.00 x low4 M but the curve bent progressively 

upwards at higher substrate concentrations (Figure 3).  

A linear relation between I? and log So/(So-P) indicates 

that the reactlon rate fol lows a Michaelis-Menten 

relationship to the substrate concentration (3 ). 

The data in Figure 3 indlcate, therefore, that the reaction 

rate f o r  phosphatase activity dfsplayed by flew Dublin soil 

in suspension at pH 6-90 in sodlum maleate buffer followed 

a Michaelis-Menten relationship to the substrate concentration, 

Thls relationship held for substrate concentrations of 

%,OO x 

The value for Vmax calculated by extrapolation of the linear 

portion of the curve was ?,28 micrornoles/grn/hr, 

The value f o r  km oalculated from the linear portion of 

the curve F I ~ S  7 1,60 x Me 

to 7.00 x IOo4 M buL not at hlgher concentrations. 





F, Hydrolysis of buffered solut ions of para-nitrophenol 
phosphate by columns of  s o i l  crumbs, 

Columns of crumbs prepared from New Dublin s o i l  wepe 
S 

perfl$fed w i t h  buffered solut ions of substrate  and t h e  

hydrolysis of t h e  subs t ra te  as a function of t h e  substrate  

concentration and t h e  flow r a t e  was determined, 

The columns were prepared 9n 0.01 M sodium maleate 

buffer  p H  6,90. The coluinns contained 20 grms of  crumbs 

and measured 2*2 cm i n  diameter by 8.3 cm high.  

volume w a s  25 cm3, 

The void 

The temperature of  t h e  columns was 

maintained a t  25. 0 OC by a temperature-controlled water 

jacket surrounding the columns, The columns were perfused 

w i t h  subs t ra te  i n  0.01 M sodium maleate buffer  pH 6.90 a t  

flow r a t e s  of 9.46, 2.80, and 1,48 m l / m i n .  The corresponding 

average ve loc i t i e s  of t h e  solut ion through t h e  columns are 

3.14, 0.930, and 0,492 cm/mino respectively*. 

The concentratlon o f  substrate  used varled from 1,OO x M 

t o  3.00 x I O w 3  M, 

i n  samples of 25 m l ,  

The e f f luent  of tine columns was col lected 

0.5 m l  of  0.1 M tetra-sodium ethylene 

diamine te t ra -ace ta te  and 0.5 ml of 1,O M NaOH were added 

t o  each sample, and the concentration of product was 

detemined by colorimetry ( 3 ) a  When t h e  concentration of 

product fn t h e  e f f luent  became constant w i t h  continuing 

perfusion, the value fo r  the product concentration was taken 

as a cha rac t e r i s t i c  of %he 

conditions used, 

c Olwmn under the  part f cu la r  



The r e s u l t s  of the  perfusion experiments are  shown 

i n  Table 3 and Figures 4$ 5, and 6, In t h e  Figures, the 

phosphatase a c t i v i t y  of the  column in  micrornoles/grn/hr is 

plot ted against  the  concentration of subs t ra te  i n  t h e  

inf luent  solution. Also, the  concentration of produc% 

i n  the e f f luen t  is p lo t ted  against  log  So/(So-P), as before, 

The data show t h a t  t h e  phosphatase a c t i v i t y  o f  t h e  

columns of s o i l  c r m b s  Snoreased w i t h  substrate  concentration 

in  a fashion s l m i l a r  t o  that, for t h e  s o i l  3n suspension. 

The a c t i v i t y  approached a constant value a t  a substrate  

concentration of  about 3.00 x &I, A t  t h e  same values 

of subs t ra te  concentration, the a c t i v i t y  of the  colums 

was about 25% lower t h a n  t h a t  of t h e  s o i l  i n  suspensfon, 

The lower a c t i v i t y  of the  columns i s  undoubtedly due %o 

the  f a c t  t h a t  material at  the  i n t e r i o r  of t h e  crumb’s 

cannot par t i c ipa t e  i n  t h e  phosphatase react ion,  

A t  each  value o f  substrate  concentration the  a c t i v i t y  

of the  columns is lower, the lower the  flow rate. Par t  of 

t h i s  e f f e c t  is  due t o  the fac t  t h a t ,  because the phosphaiase 

react ion hydrolyses the substrate ,  the concentration of 

substrate  & the column is  decreased, the decrease being 

grea te r  t h e  longer a u n i t  of so lu t ion  remalns in  the 

column, u. the lower t h e  flow r a t e ,  Since t h e  a c t i v i t y  

fa l l s  w i t h  decreasing substrate  concentration, the  lowered 

concentration of subs t ra te  i n  the  column r e s u l t s  i n  a 

lessened a c t i v i t y ,  

The decrease i n  a c t i v i t y  w i t h  the  bower flow rates 
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was still observed at high values of substrate concentration, 

under which conditions activity is relatively independent 

of small changes in the concentration. 

substrate concentration the values f o r  activity were 

1.21, 1.12, atnd 1,O7 micromoles/gm/hr at the flow rates 

At 3.00 x IOe3 24 

of 9.46, 2.80, and 1,48 m l / m i n ,  respectively, 

However, these differences may reflect random experimental 

variation since these acttvity values are the data of one 

determination at each of the three flow rates. 

In a separate experiment the phosphatase activity 

of the soil crumbs was determined following the method 

used f o r  determLning the activity of the s o i l  in suspension. 

The activity was determined under the standard conditions 

given in section A, of this report. 

The average activity of five samples of crurnbs' 

determined in this way was 1.04f 0.07 micromoles/@;m/hr. 

This value I s  in reasonably good agreement with the values 

fo r  activity of the columns at the same concentration of 

substrate indicating the reaction occuring in the columns 

is similar to that for the crumbs in the reaction tubes, 

The curves relating P, the concentration of product 

fn the column effluents, to log So/(So-P) appeared to be 

linear within the range of substrate concentrations used 

(Figures 4-61. 

relationship observed for the soil in suspension at 
substrate concentrations above 7 ,OO x M was not 

observed here; The results indicate, therefore, that the 

reaction rate f o r  phosphatase acLivity of the columns 

followed a Michaelis-Menten relationship with substrate 

The deviation from the straight-line 



concentration over a range of concentration from 

1.00 x bX to 3,OO x 10" N, 4 

The values for Vmax and km calculated from the curves 

a re  shown in  Table 3, 

Table 3. Michaelis-Menten constants f o r  phosphatase 
a c t i v i t y  of columns of s o i l  crumbs perfused 
with buffered solut ions of substrate ,  

flow r a t e  
m l / m i n  

Vmax 
umoles/gm/hr 

1.48 

2,80 

9.46 

3.30 

3.78 

3.94 

1.12 

1017 

1.22 

The values of Vmax and km for t h e  coLumns cannot 

eas i ly  be compared w i t h  those of the s o i l  in suspension 

because the  s o i l  displayed Michaelis-Menten k ine t ics  only 

over a more l imited range of subs t ra te  concentration, 

However, the  smaller value of Vmax f o r  t h e  columns compared 

t o  t h a t  f o r  the s o l 1  undoubtedly a r i s e s  from t h e  f a c t  t h a t  

material at the i n t e r i o r  of t h e  crumbs cannot par t ic ipa te  

i n  the pbosphatiase react ion,  The l a r g e r  values f o r  km f o r  

t h e  columns compared t o  t h a t  f o r  %he soil i n  suspension 

may r e s u l t  from the fact t h a t  par t  of  t h e  reactilon occurs 

in pockets formed by several  adjacent crumbs or i n  pores 

i n  the crunbs themselves i n t o  whfch the  substrate  nust  

dlff'use i n  order for" reac t fon  t o  take place. The rate of 



di f fus ton  may l i m i t  the  r a t e  of reaction, A higher 

concentration of subs t ra te  would svercome t h i s  llrnitatfom, 

and the increase i n  concentration required would be 

r e f l ec t ed  i n  a higher value of km ( 7 ) ,  ( 

Alternately,  t he  Kr i l ium present in  the  crumbs may a l t e r  

the  c a t a l y t i c  propert ies  of t he  S o i l .  The a c t i v i t y  of 

enzymes attached t o  various support materials w a s  g rea t ly  

a f fec ted  by the  surface of such materials ( I t . ) ,  (B)8 

( 9 ) .  

charge 

If the  support mater ia l  had negatively charged 

groups on i t s  surface and t h e  subs t ra te  w a s  a l s o  negatively 

charged, e l e c t r o s t a t i c  repulsion would occur, lowering 

the e f f ec t ive  concentration of subs t ra te  a% t h e  c a t a l y t i c  

s i t e s  of the  bound enzyme. An increase i n  the  concentration 

of subs t ra te  would overcome t h i s  e f f e c t ,  the  increase 

required being r e f l ec t ed  In a value of km higher than 

t h a t  of the  enzyme i n  a f ree  s t a t e .  Both Dtlium 

(a synthet ic  polymeric poly-carboxylic a c i d )  and the 

subs t ra te  would be negatively charged a t  t he  pH value 

of the columns ( p H  6.90) and e l e c t r o s t a t i c  repulsion 

may account f o r  t h e  higher value of km f o r  the colums 

of crumbs compared t o  t h a t  of t h e  s o i l  i n  suspension. 
I 

The values f o r  Vmax and km for the  c o l m s  of s o i l  

crumbs increased w i t h  t h e  flow r a t e  (Table 3 ) .  

An increase in  Vnax w i t h  flow r a t e  has  been observed by 

They at t r ibu%,e such increases t o  the presence of a f i l m  

Qf stagnant 1 quZd surrounding t h e  surface of' t h e  malelr)ia%, 



through which t h e  subs t r a t e  must diffuse in  order to react. 

The f i l m  l i m i t s  t he  ra%e of t h e  react ion,  As t he  flow rate 

increases,  turbulence reduces t h e  thickness of t h e  f i l m  

and t h e  rate of t h e  r eac t lon  increases. The d is rupt ion  

of t he  f l l m  by hlgh flow rates a l s o  r e s u l t s  i n  a decrease 

in  t h e  value f o r  km, The increase in t h e  value f o r  km 

observed a t  t h e  higher flow rates  for t h e  s o i l  columns 

is  more d l f f i c u l t  t o  explain, but  may be t h e  r e s u l t  o f  a 

change in t h e  pa t t e rn  of flow o f  t h e  subs t ra te  so lu t ion  

through t h e  columns. Such an increase i n  t h e  value of 

km with flow rate has been observed before (8). 
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